The recent introduction of saturation transfer difference (STD) NMR has increased the tools for the study of protein-carbohydrate complexes. This is useful when it is combined with transfer nuclear Overhauser enhancement spectroscopy (NOESY) measurement, or when it is interpreted using the expected calculated values of transference, yielding additional, very valuable information for the study of this type of complex.
INTRODUCTION
Dendritic cells (DCs) are key players in the initial response to pathogens as they are the first participants in the long series of events in host-pathogen interaction leading to activation of specific T cells [1, 2] . They are found in epidermal and mucosal tissues and are thus able to quickly recognize new invading pathogens through the identification of pathogen-associated molecular patterns (PAMPs). Apart from the Toll-like receptor family of pattern recognition receptors (PRRs), they also possess C-type lectin receptors (CLRs) dedicated to the specific recognition of pathogen carbohydrate patterns [3] . Among these CLRs, DC-SIGN (dendritic cell-specific ICAM-3 grabbing non-integrin) has attracted a great deal of attention during the past decade. Initially highlighted for its role in HIV transmission to T cells [4] , it has then been identified as a PRR hijacked by many other pathogens (e.g., some viruses, bacteria, fungi, and parasites) to escape immune response in their infectious processes [5, 6] . More recently, DC-SIGN has also been found to be involved in the modulation of the immune response [7] .
DC-SIGN is a type II transmembrane protein with a short cytosolic region, a transmembrane segment, and an extended extracellular domain (ECD) ending in a carbohydrate recognition domain (CRD) located at 320 Å above the cell surface to interact with potential antigens [8] . This ECD is divided into two regions: a neck region, involved in the tetramerization of the receptor constituted by seven and a
STD for epitope mapping
Mannose di-and trisaccharides from gp-120 gp-120 is a heavily glycosylated protein that is found on the surface of the HIV envelope and is responsible for the first events that lead to viral entry into the cells and to further infection [35] . This process is mediated by the interaction of the glycan part of the gp120, from the virus envelope, with DC-SIGN. The process is mediated by the interaction of some sugars with a Ca 2+ atom, which is present in the binding site of this lectin. This occurs via the coordination with two adjacent hydroxyl groups from mannose-or fucose-type sugar residues [36] .
We start the studies by comparing two branched natural trisaccharides inspired by those enclosed in some mannose-containing natural structures (Manα(1-2)[Manα(1-6)]Man, 1, and Manα(1-3)[Manα(1-6)]Man, 2). Basically, the differences are that the first one is included in the high-mannose (Man 9 GlcNAc 2 ) structures found in the HIV envelope, while the second one constitutes the repeating unit of the cell-wall lipoarabinomannans, which is also recognized by DC-SIGN. The NMR study was performed recording NOESY experiments in the absence and presence of DC-SIGN EDC (ensuring that DC-SIGN is a tetrameric aggregate), as well as STD NMR experiments for epitope mapping ( Fig. 1 ) [37] .
The transfer NOESY experiments [38] [39] [40] (Fig. 1) indicate that in those conditions there is binding to CD-SIGN EDC from 1 and 2 as deduced from the change in sign of the NOE cross-peaks, relative to the free experiments. In spite of the apparent differences between the NOESY experiments of the trimannosides alone and in the presence of DC-SIGN, those are due to the changes in the correlation time, which allows for larger spin diffusion, and are consistent with the same conformation in the bound and free state. The STD at 2.5 s of mixing time data indicated that the larger contact with the receptor is with ring C for trisaccharide 1 and for ring D for 2 [37] . The second ring is the central one in both cases, while the weaker contacts are observed for the 1-6 linked mannose. The results are consistent with a model of binding in which the terminal non-1-6 linked mannose is the ring that is interacting with the Ca 2+ atom, and the central sugar is following, while the terminal residue bound between the 1 and 6 positions is far from the main binding site. All these results allowed us to propose a model of interaction in which the interaction with the Ca 2+ atom, which is known to be the key point for complex formation, occurs between two hydroxyl groups in the trans diequatorial 3 and 4 positions of the binding mannose, see Fig. 2 .
Mannose-containing mimetics
We have also shown the potential multimodal binding of mannose derivatives to DC-SIGN (see below) [16, 42] . A series of glycomimetics have been prepared by replacing in the mannose series a non-terminal residue by a cyclohexyl moiety with two amides with additional substituents capable of additional interactions [19] . After the α 1-2 dimannoside scaffold" (or "trimannoside 1 scaffold"), a further series of glycomimetics was prepared by replacing the "reducing end mannose" (or "internal mannose") by a cyclohexyl moiety with two carboxymethyl esters as additional substituents capable of additional interactions [43] . Interestingly, in the case of 3b, the introduction of a triazol moiety had an additional spectroscopic benefit of favoring the dispersion of the cyclohexyl signals in respect to 3a without modifying the binding mode nor the affinity, thus facilitating a more accurate analysis of the STD data, see Fig. 3 . Comparing the NOESY of 3b and the transfer NOESY in the presence of DC-SIGN (Fig. 4) , both show essentially the same NOE cross-peaks pattern but with the opposite sign, indicating the presence of binding (see interglycosidic NOE sort distances labeled in Fig. 4B and corresponding cross-peaks in Figs 4C and 4D). As the differences in the peak intensities can be attributed to the larger correlation time of the complex, this result is compatible with comparable conformations in both, the free and the bound ligand. The crystallographic structure shown in Fig. 5A was used to calculate the theoretical STD values (C) that were compared with the experimental ones (B). The agreement with the experimental ones (B) is remarkable (see Fig. 5 ), explaining the high value of the initial growing rate of proton 6ax due to its proximity to Val 351.
An additional mimic, a pseudo-trisaccharide, was prepared by introducing an extra mannose residue in the reducing end of the carbohydrate, 4 (Fig. 6 ). The effects on the chemical shift dispersion induced by the triazole were smaller than those found for 4b. As both compounds interact with DC-SIGN with additional strength, they were subject to NMR analysis, and transfer NOE and STD NMR experiments were performed.
Most of the intense STD signals were justified by the model structure ( Fig. 6C ) that resembles the interaction mode of the pseudo-disaccharide 4b. However, in this case some STD signals for the reducing end mannose were observed in spite of the longer distance from the recognition site. Attempts to fit to multiple conformations based on variations of the 1-6 linkage geometry were unsuccessful. Finally, the introduction of a new complex that interacts with the Ca 2+ via the opposite mannose, at the reducing end (see Fig. 6D ), justifies the results shown in Carbohydrate interactions with DC-SIGN 1777 
Fucose-containing derivatives
Besides mannose-containing oligosaccharides, many of the natural ligands of DC-SIGN are also oligosaccharides that contain fucose. Binding of fucose derivatives by DC-SIGN, mainly Lewis-type antigen determinants, has been reported by several groups [44] [45] [46] . Fucose itself was reported to bind DC-SIGN with dissociation constant about 6 mM [47] . In order to get insight into their binding properties and modes, we have studied some fucose-containing compounds. The study started using a synthetic analogue of LeX, LeXOMe (5). The STD experiment reveals the interaction occurs mainly by the fucose residue (Fig. 7 ) [48] . A mimetic of LeX was synthesized, preserving the fucose moiety but replacing the glucosamine ring that has been substituted by a cyclohexyl ring and the galactose by a mimetic based on a cyclohexane with one ester and one amide, 6 [49] . When the same experiment was performed on 6, we obtained STD signals only for the fucose signals with a relative intensity very related to that obtained for the LeXOMe [49] . Thus, we can assign the same binding mode to both compounds. The structures available from X-ray studies with fucose derivatives display a mode of interaction that implies the interaction of the fucose ring with the Ca 2+ atom, which in this case occurs mainly via hydroxyls in positions 3 and 4 that are in a cis-axial-equatorial disposition and not trans-diequatorial as in the case of mannose (Fig. 8 ) [50] . Using this information, a new series of fucose mimics with better affinity was designed and synthesized [22] , among them 7 and 8 were selected for NMR studies. The structure was motivated by the structure of 6, replacing the terminal cyclohexyl ring by an aromatic moiety in order to improve the stability of the complexes by establishing new interactions (CH-π or π-π) with either Val 351 or Phe 313, which are in the proximities. After a conformational study of 7 (see Fig. 9 for the minimum energy conformer) the structural analysis of the respective complexes with DC-SIGN (EDC) was performed [48] . One of the main conclusions from this analysis is that, although the fucose ring still has the largest relative STD for the anomeric proton of the fucose, in both compounds the saturation is also transferred to C. GUZZI et al. the aromatic ring, indicating the participation of those in the binding to DC-SIGN (Fig. 6 ) [48] . Nevertheless, the influence of the electronic density on the ring or the possibility of acting as hydrogen bond donor or acceptor seems to not have a particular impact on the structure of the complex as both compounds display similar epitope maps and very similar relative STD values.
STD in competition experiments
The ability of NMR to detect different signals from each individual nucleus makes it a powerful tool to perform competition experiments. We have performed STD NMR competition experiments in our system using the fucosyl amide 8, Le X 5, and α-methyl mannoside, which differ on the chemical shift of the anomeric signal (Fig. 10) . In one case, we recorded the STD growing curves for 8, while monitoring the anomeric proton. After we added Le X or mannoside, the same amount (1 mM), recording the Carbohydrate interactions with DC-SIGN 1779
Fig. 8 1sl5 crystallographic structure [50] showing the interaction between the Ca 2+ atom and the fucose ring via O3 and O4. Absolute STD growing curves (A) for the anomeric proton of 6 isolated (squares) for 6 and ManOMe (dots) and for 6 in the presence of equimolecular amount of 3 (triangles), and (B) for the anomeric proton of 3, alone (triangles), with ManOMe (dots) and in the presence of Le X 6 (squares). Experimental conditions were the same as in Fig. 9 .
respective growing curves monitoring the anomeric proton of 8 (Fig. 11) . In the other case, we registered three STD growing curves on a sample with 1 mM of 5 alone, and in the presence of 1 mM of mannose or the same concentration of mimic 8, while measuring the saturation transfer to the anomeric proton of Le X (see Fig. 11 ).
In both cases, Lewis X , 5, and mimic 8, the STD signal for the anomeric proton decreases when ManOMe is added. This indicates that there is competitive binding for the same binding site. When the relative reduction of the signal was analyzed it could be concluded that the best binder corresponded to the fucosyl derivative 8, while Le X , 5, and ManOMe have a similar binding constant (Fig. 11) [48] .
Additional competition experiments between 7 and 8 were performed. STD experiments of a mixture of 7 and 8 were recorded, in the same tube, monitoring the anomeric signals of both compounds. They were chosen because they receive the major transfer of saturation (large STD), they belong to the common part of the molecules, and at the same time they had different chemical shifts. We have considered these signals instead of other more dispersed, e.g., the aromatic, as the results of the latter may be biased by the existence of different binding modes. The experiments were analyzed using the absolute STD in order to compensate the presence of a different amount of ligands (see Fig. 12 ). The analysis of the resulting growing curve with the mixing time is shown in Fig. 12 , which corresponds to a similar K D for both compounds [48] .
STD and K D
From the first works on STD, the dependence of the STD intensity on the concentration of the ligandreceptor complex becomes evident. The intensity of the STD signals can be converted into a new magnitude proportional to the fraction of the bound ligand (STD-AF), resulting from the product between the observed STD and the molar excess of ligand over protein [30] . The evolution of the STD-AF as a function of the ligand concentration along a titration experiment should correspond to an association isotherm that could be fitted to a Langmuir-type equation
However, attempts to use this approach to extract binding constants have been unsuccessful due to additional dependences of the apparent K D on other factors. This became evident when the values of the apparent K D calculated from data obtained from several protons of the same ligand and obtained from the same experiments were different [51, 52] . An alternative method was proposed to calculate binding constants relying on the calculation of the relative binding constant using the Cheng-Prusoff relationship [53] . This method, however, has the disadvantage of the need for an additional ligand of known K D and compatibility with a competitive titration.
In a recent study, the impact of the experimental conditions (saturation time, receptor concentration, type of monitored proton…) on the value of the apparent K D was evaluated [54] . From this work it could be concluded that the discrepancy between the real K D and the apparent calculated from STD-AF was the pre-existing magnetization originating in previous binding events that lead to a lower capacity for receiving new magnetization from the ligand. This explains the deviation of the apparent K D from the experimental saturation time, the dependence on the monitored signal, or the influence on the receptor concentrations (see Fig. 13 ) [54] .
From these results a new procedure for calculating binding constants from STD-NMR was developed [54] . This procedure was based on the use of the STD initial growth rates, STD 0 , calculated from STD growth curves, to construct the binding isotherm, instead of using the STD values obtained at given conditions. The rest of the treatment of the data was the same as that described for the apparent binding constants, and the results obtained were close to the K D obtained by calorimetry. We have applied this method to real examples with good results [48, 55] .
Theoretical evaluation of STD effects: CORCEMA-ST
The quantitative analysis of an STD experiment of a given complex can be predicted using CORCEMA-ST (complete relaxation and conformational exchange matrix approach for STD NMR) [56, 57] , pro- vided a tentative structure for the free ligand, the complex, and other thermodynamics parameters: kinetics of association and dissociation, binding affinity, and NMR parameters: relaxation times, internal motions, order parameters, correlation times, etc. … The predicted results are compared with the experimental ones validating or rejecting the model used for the calculations and yielding a 3D structure of the complex [58, 59] . Further refinement could be done using a subsequent version of CORCEMA-ST, implementing SICO (STD NMR intensity restrained CORCEMA optimization) protocol [60] [61] [62] [63] . This version uses a hybrid refinement protocol involving CORCEMA calculations and simulated annealing to refine the bound conformation from a structure previously docked into the binding pocket [57] . Some examples where the structures of the complex are calculated from STD data have been published recently using this methodology [55, [64] [65] [66] .
Multiple binding modes into the same binding site
In the crystallographic structure of mannose α(1-2) mannose with DC-SIGN CRD (pdb: 2it6) two alternative binding modes within the same binding site are shown. They differ only in the orientation, reducing end to non-reducing end, or vice versa of the dissacharide [41] . Both alternative binding modes interact with the lectin through coordination of the same groups (hydroxyls 3 and 4 of one mannose residue) with the Ca 2+ atom. In the minor mode, one of the residues was disordered and could not be observed, while the major mode was completely defined. Therefore, two alternative minor binding modes were possible as a function of which of the mannoses is interacting with the calcium atom, both complexes were constructed and minimized. The situation of the system can be considered as a particular case of competitive multiple binding where the binding site was the same for both complexes, that is, only one mode at time is allowed. Therefore, the total saturation accumulated in an STD experiment would be the sum of the accumulated saturations for each binding mode. However, although the STD for each binding mode could be calculated individually, the effect of cross-rebinding, this is a molecule previously saturated in one mode, and not fully relaxed, is bound in another mode and further saturated mixing the saturation from both modes, which cannot be calculated.
We demonstrated that at zero saturation time, the STD values are free of effects of rebinding and therefore of cross-rebinding [67] . Then the global STD 0 value can be calculated using eq. 2, assuming that the contributions for all the potential binding modes were individually estimated. 
The experimental STD initial slopes were estimated by the initial slope of the curve obtained by fitting the experimental values to eq. 3 as previously described. The experimental results were evaluated by comparing the experimental initial slopes and the predicted by CORCEMA-ST using the major complex and two possible modes that fit with the partial crystallographic data (Fig. 14) . As the magnitude of STD is strongly dependent on the dissociation constant, we have considered a range on the millimolar scale and calculate the NOE-R factor [68, 69] to evaluate the results [67] .
The results for the monomodal species were indicative of a bad agreement of one of the alternative binding complexes (m1) while poor for the other (m2) minor and the major (M). However, when bimodal situations (M + m2) were considered in a ratio 1:3, as seen in the crystal, significant reductions on the NOE-R factor were obtained, indicating a better agreement with the experimental [67] .
CONCLUSIONS
Although initially proposed for the analysis of binding of small ligand libraries, STD has been applied to a large number of systems and allows the extraction of rich structural binding information. The impetus of the STD application and the wide number of its applications can be attributed to the accessibility of the information about the geometry of the complex as epitope mapping, and contact between ligand and receptor. Providing a previous structure or a reasonable model calculated for the complex, a local structure of the complex could be obtained by fitting the predictions with the experimental results without the need of the use of labeled protein samples. The comparison of the experimental and theoretical STD-AF 0 values can be used to deduce more precise geometrical information, even in the cases of multiple binding modes.
